Abstract
Introduction
The transient receptor potential canonical channels (TRPCs) are a class of cation channels that regulate Ca 2+ influx in the myocardium [1] . TRPC1 and TRPC6 are considered to be participants of the stretch-activated ion channels (SACs), which are permeable to Na + , K + and Ca
2+
. The stretch-activated current (I SAC ) increases with the upregulation of TRPC1 [2, 3] . The TRPC3 channels colocalize with the Na + /Ca 2+ exchanger 1 (NCX1), and the TRPC3-NCX1 signaling complex is a pivotal mechanism for the control of cardiac Ca 2+ homeostasis during cardiomotility [4, 5] . When the heart muscle is stretched, the contractile force increases. The main explanation for this mechanism is that stretching augments the effect of changes in the overlap between the thin and thick filaments [6] . Gadolinium chloride (Gd 3+ ), a SACs blocker, reduced the ventricle contractile force more obviously in the longer muscle lengths than in the shorter muscle lengths [7] . The data indicated that the cations entering from the SACs contribute to the length-dependent contractile force, but the role of the SACs on cardiac systolic function remains controversial [8] .
The expression of TRPC1 was increased in the hypertrophied myocardium [9, 10] , and the amplitude of I SAC in the ventricular myocytes was increased with hypertrophy [11] , but the significance of TRPC1 for cardiac contractile function remains unclear. In this study, we investigated the role of TRPC1 on length-dependent contractile function in the isoproterenolinduced hypertrophic myocardium of rat, and our results demonstrated that upregulation of TRPC1 contributes to contractile function in the hypertrophic myocardium by increasing intracellular calcium ion concentration ([Ca 2+ ] i ) through the SACs.
Materials and Methods

Rat model of cardiac hypertrophy
The Animal Ethics Committee of Huazhong University of Science and Technology approved the study protocol. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985) .
Male Sprague-Dawley rats (250 -280 g) were randomly divided into the cardiac hypertrophy (CH) group and the control group. The CH group rats were administered isoproterenol 5 mg/kg for 5 days, once daily by intraperitoneal injection [12] . The control group rats received saline solution (0.9% NaCl). All the rats were kept under standard conditions with free access to food and water for 5 weeks since the first injection [13] .
Morphological examination
The rats were weighed and anesthetized. The hearts were excised and weighed in an analytical balance. All the samples from identical part of every rat left ventricles were prepared for the paraffin sections, and then stained with hematoxylin and eosin for the light microscopic evaluation. The mean myocyte diameter was calculated from each section with software Image-Pro Plus 6.0 (Media Cybernetics, USA).
Western blot analysis
The expression of TRPC1/3/6 and NCX1 proteins were determined by Western blot. The proteins were extracted from the identical part of the rat left ventricles in the CH and control groups. The protein samples (70 μg) were separated by 8% SDS-PAGE. Polyclonal rabbit anti-TRPC1, anti-TRPC3 and anti-TRPC6 antibodies (Alomone Labs, Israel), anti-NCX1 and anti-GAPDH antibodies (Santa Cruz Biotechnology, USA) were used.
Calcium imaging
The ventricular myocytes were freshly isolated, using a collagenase-protease dispersion method [9] . The myocytes were used within 6 h of harvesting, and only typical Ca isotonic (1.0 T) extracellular solution for 30 min, the cells were illuminated using a calcium imaging system (TILL Photonics, Germany). The fluorescence signal was recorded as previously described [14] .
After the 1.0 T extracellular solution was replaced by the hypotonic (0.6 T) extracellular solution, the cells swelled because of the hyposmotic solution and the cytomembrane was stretched [15, 16] . The changes in [Ca 2+ ] i were displayed as a ratio of the fluorescence relative to the intensity before the application of the hypotonic extracellular solution (F/F 0 ). The protocol was repeated three times with the new myocyte chambers as follows: (i). in the extracellular solution containing the L-type Ca 2+ channel inhibitor, verapamil (Ver 0.1 μmol/L); (ii). in the extracellular solution containing the SACs blocker, gadolinium chloride (Gd 3+ 10 μmol/L) [17] ; (iii). in the extracellular solution containing the NCX inhibitor, nickel chloride (Ni 2+ 5.0 mmol/L) [18] . The extracellular solutions contained (mmol/L): 65 NaCl, 5 KCl, 2.5 CaCl 2 , 0.5 MgSO 4 , 10 glucose, 10 HEPES, 130 (1.0T) or 17 (0.6T) mannitol (pH 7.4). An osmolarity of 296 mOsm/liter was taken as isotonicity (1.0 T), and 178 mOsm/liter was taken as hypotonicity (0.6 T) [15] .
Action potential recording
The papillary muscles were excised from the right ventricles, both ends of the muscle were tied a knot, and the working muscle between two knots was 3.0 mm. One knot was fixed in the center of a perspex chamber, and the other knot was attached to a micrometer for length adjustments. The preparations were perfused with Tyrode's solution (8 ml/min, 37 °C) containing (mmol/L): 137 NaCl, 2.7 KCl, 1.8 CaC1 2 , 1.0 MgCl 2 , 12 NaHCO 3 , 0.4 NaH 2 PO 4 , 5.6 glucose (pH 7.4), saturated with 95% O 2 and 5% CO 2 . The action potential (AP) was recorded through a glass microelectrode inserted into the myocyte, using a standard microelectrode recording technique [19] . The glass microelectrode contained a 3 mol/L KCl solution and had a tip resistance of 10-15 MΩ. The muscles were stimulated with a pair of platinum electrodes at the pacing rate of 0.2 Hz. The AP signals were placed into a microelectrode amplifier and recorded by a computer system (Chengyi, China). The muscles were first set to the original length without stretch (L 0 ). Then, the papillary muscles were stretched to an increase of 10% of the length [11] . The length of 110% L 0 was defined as 1.1L 0 . The experiments were repeated to observe the effects of 10 μmol/L Gd 3+ and 0.1 μmol/L Ver on the AP.
Contractile force of myocardium
The preparations of left ventricle papillary muscle were mounted in a muscle chamber and perfused in Tyrode's solution. The muscles were stimulated with a pair of platinum electrodes at the pacing rate of 0.2 Hz to obtain isometric force. The signals were recorded by a force transducer (Chengyi, China). The contractile force of myocardium was observed at the lengths of L 0 and 1.1L 0 . The experiment was repeated to observe the effects of 10 μmol/L Gd 3+ and 0.1 μmol/L Ver on the cardiac contractility of the preparations before and after being stretched.
Isolated working heart preparation
The Langendorff models of rat hearts were prepared as previously described [20] and perfused with Tyrode's solution. The perfusion fluid was guided through the left atrial cannula to the left ventricle (the basic ventricular preload was 10 cmH 2 O filling pressure), which ejected the fluid out against an afterload of 80 cmH 2 O. The cardiac output was recorded at different ventricular preloads. Frank-Starling curves of the relationship between the ventricular preload and the stroke volume were drawn. The changes of curves were observed when the SACs were blocked by 10 μmol/L Gd 3+ .
Statistical analysis
The experimental results were analyzed with analysis of variance. The results are expressed as the means ± standard error of the mean (SE). The values of P < 0.05 were considered to be statistically significant.
Results
Expression of TRPC1, TRPC3, TRPC6 and NCX1 in hypertrophic myocardium
The overall mortality after 5 weeks of isoproterenol administration was 30%. Cardiac hypertrophy was observed in the ventricles. The mean myocyte diameter of the CH group was more than that of the control group. The biometric parameters in the surviving rats were presented in Table 1 . The atria and ventricles were significantly hypertrophied in the CH group of rats. The Western blot analysis revealed that the expression of TRPC1 was upregulated in the CH group, while the levels of TRPC3, TRPC6 and NCX1 remained stationary. The data were consistent with previous reports [10, 21] , and were shown in Fig. 1 .
Increase of intracellular calcium induced by stretching cytomembrane
After the 1.0 T extracellular solution was replaced by the 0.6T extracellular solution, the cytomembrane was stretched by hyposmotic cell swelling, the SACs were activated and [Ca
2+
] i was increased. The ascendant amplitude of [Ca 2+ ] i increase in the hypertrophic myocardium was obviously higher (CH 30.75±4.16% vs. control 11.65±1.43%, P < 0.05). The data of typical cells were shown in Fig. 2 ] i in both groups, and Ver had no effect. Table 1 . Diameter of cardiomyocyte, body and heart weights after 5 weeks of isoproterenol administration. Values are the means ± SE. Cardiac index = heart weight / body weight, LVW = left ventricle weight, BW = body weight, RVW = right ventricle weight, LAW = left atrium weight, RAW = right atrium weight; n =10 per group, * P < 0.05 vs. control 
Cellular Physiology and Biochemistry
Although Gd 3+ has an inhibitory effect on the Na + -Ca 2+ exchanger current, most of the NCX1 are not blocked by Gd 3+ at the concentration of 10 μmol/L [22] . The results confirmed that Na + was the main carrier of the stretch-activated currents [11, 23] , the intracellular Ca
2+
increased predominantly through the NCX1, and the activity of the SACs increased in the hypertrophic myocardium.
Action potential of myocardium
After the action potential duration was to 50% repolarization (APD 50 ), the membrane potential was under -30 mV, and the main Ca 2+ entrance -L-type Ca 2+ channels were ] i in both Con and CH groups separately, and verapamil (Ver 0.1 μmol/L) had no effect. The numbers above the bar graphs denote the number of cells analyzed. An osmolarity of 296 mOsm/ liter was taken as isotonicity (1.0 T), and 178 mOsm/ liter was taken as hypotonicity (0.6 T). * P < 0.05 vs. Con; # P < 0.05 vs. EBS. [24] . Thus the APD 50 of ventricular myocytes, which best reflects the contribution of the L-type Ca 2+ current [19] , were measured and reported in Fig. 3 . The results revealed that the hypertrophic myocardium had longer action potential duration (APD) than normal (before stretched, APD 50 CH 37.22±1.23 ms vs. control 18.14±0.78 ms; n=10, P < 0.05), mainly because of the significantly decreased transient outward K + current density in the hypertrophied cells [25] . The APD 50 were prolongated by stretching in both groups because of the stretch-activated inward currents [23] , and shortened by Gd
3+
. The increases of APD 50 induced by stretching (ΔAPD 50 ) in the CH group were more significant than those in the control group (Fig. 3B) . The administration of Gd 3+ decreased the APD and restrained the prolongation induced by stretching.
The resting membrane potential (RMP) was depolarized during stretching. The amplitude of depolarization in the CH group was more significant than that in the control group (Fig. 3C ). Significant Na + entry through the TRPCs may cause membrane depolarization and activation of the L-type Ca 2+ channels, contributing to the Ca 2+ influx [26] . Thus the increased activity of the SACs contributied to the Ca 2+ influx for the contractile force in the hypertrophic myocardium. The administration of Gd 3+ hyperpolarized the RMP and restrained the depolarization induced by stretching in both groups. In our observation, neither the AP configuration nor the APD was obviously affected by 0.1 μmol/L Ver.
Role of SACs in length-dependent contractile force
When the muscles were stretched from L 0 to 1.1L 0 , the developed contractile force (F dev ) of the control and the CH groups was undifferentiated in the Tyrode's solution. After the SACs were blocked by Gd 3+ , the increases of F dev were different (Fig. 4) , and obviously decreased in the hypertrophic myocardium. The administration of 0.1 μmol/L Ver decreased the basal contraction force but did not affect the increase of F dev in both groups. But Ver enhanced the effect of Gd 3+ in suppressing the increase of F dev , especially in the hypertrophic myocardium.
Role of SACs in the Frank-Starling effect
The Frank-Starling curves of control and CH hearts were similar when perfused with Tyrode's solution, but the ascending limb of curves in the CH group was decreased in the presence of 10 μmol/L Gd 3+ . Compared with the control group, a more serious decline 
induced by Gd 3+ was observed in the CH group (Fig. 5) . The results demonstrated that the SACs enhanced the Frank-Starling effect in the hypertrophic heart, and that the contribution of the SACs to the systolic function was more significant in the hypertrophic myocardium.
Discussion
Normal cardiac systolic function obeys the Frank-Starling mechanism: when the heart muscle is stretched, it increases the force of contraction so that cardiac output matches the venous return on a nearly beat-to-beat basis [8] . The ascending limb of the Frank-Starling curves declines with the occurrence of systolic dysfunction. Many studies indicated that cations entering from the SACs contributed to the length-dependent contractile force [7] [8] [9] . The experiments confirmed that the main carrier of I SAC in rat cardiac myocyte was Na + , and in the range of strain available, the change in I SAC was approximately linear with both sarcomere length and strain [11, 23] . The amplitude of I SAC in the ventricular myocyte increased with hypertrophy [11] , and the increased [Na + ] i caused Ca 2+ influx through NCX1, especially in the myocardium with prolonged APD in heart failure [27, 28] .
The intracellular Ca 2+ increased when the myocardium was stretched, which indicated that the SACs, types of mechanosensitive, non-selective cation channels contributed to the cardiac systolic function in addition to the effect of changes in overlap between the thin and thick filaments [6, 7, 9] . The TRPCs, NCX1 and L-type Ca 2+ channel are involved in the intracellular Ca 2+ transient as follows: the TRPCs are functionally coupled to NCX1, and the substantial Na + entry through the TRPC-encoded non-selective cation channels, which causes Ca 2+ influx to extrude Na + from the cell. The activation of the TRPC channels may induce membrane depolarization and cause the opening of the L-type Ca 2+ channel [26, 29] . TRPC1 is hypothesized to be the primary component of the SACs by the following mechanism: I SAC was increased when TRPC1 was upregulated [2] , reducing the expression of TRPC1 by the antisense morpholinos inhibited Ca 2+ influx [30] ; the homozygous TRPC1 knockout mice cardiomyocytes failed to respond to the different forms of stretching (swelling and positive pressure), as indicated by the lack of SACs [31] . Isoproterenol was used to induce the necrosis of rat myocardium and cardiac dysfunction, and the surviving cell hypertrophied because of the increased workload [32] . The expression of TRPC1 increased in the hypertrophic myocardium, and we considered that the activity of SACs increased due to TRPC1 upregulation, because TRPC3/6 and NCX1 were unchanged.
The APD prolongation and membrane depolarization caused by the inward currents from the SACs promoted substantial Ca 2+ entry into the cell through the NCX1 and L-type Ca 2+ channel [26, 28] . The amplitude of the APD prolongation and membrane depolarization were more significant in the hypertrophic myocardium, which facilitated more Ca 2+ influx compared with the normal myocardium. The contractile functions of the CH and control groups were similar before the SACs were blocked. In the presence of Gd 3+ , the lengthdependent contractile force was significantly depressed in the CH group, and the ascending limb of Frank-Starling curves in the CH group declined dramatically. The above results 5 . The Frank-Starling curves for the control (Con) and the cardiac hypertrophy (CH) group hearts. The ascending limb of curves in the CH heart was significantly suppressed by Gd 3+ (10 μmol/L). n = 10, *P < 0.05 vs. Con; # P < 0.05 vs. Con Gd ] i through the SACs had a significant contribution to maintaining the cardiac contractile function in the hypertrophic myocardium, and decompensation occurred when the SACs were blocked.
Although isoproterenol-induced cardiac hypertrophy is similar to hypertrophic cardiomyopathy, the findings of our study are limited to the model we used because the changes of the TRPCs vary in cardiovascular diseases. Different membrane channel protein families (including the TRPCs, TRPMs and Piezos, etc) have been proposed as participants in forming the mechanosensitive Ca 2+ permeant cation channel [33] [34] [35] . Multiple independent studies have shown that TRPC1 is the primary component of the SACs, but the accurate structure of the SACs is still unclear; the role of TRPC1 in forming the SACs may not be exactly identical in different cells [33] . Changes in a specific protein expression (TRPC1) and a channel activity (SACs) correlating with a specific pathological process does not mean that the two are the same.
We conclude that the hypertrophic myocardium expresses more TRPC1 to enhance the capacity of the SACs and facilitate Ca 2+ influx to maintain the contractile force when the preload increases, which is a type of compensatory mechanism to avoid heart failure occurring. These findings may provide a new perspective on the physiological function of the TRPCs in the myocardial cell. It suggests that promoting the activation of the TRPCs could be a potential therapeutic target for cardiac systolic dysfunction.
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